Two-phase compressibility and two-phase sonic velocity of hydrocarbon mixtures are needed for a variety of applications in well testing, metering, and seismic exploration. In this work, a thermodynamic model is presented to estimate the two-phase isentropic compressibility and two-phase sonic velocity. The model accounts for the mass transfer between the equilibrium phases and the effect of capillary pressure. The results reveal that isothermal and isentropic compressibilities can be different by a factor of 20 in the two-phase near the retrograde dewpoint. With the exception of the retrograde dewpoint, the difference between the isentropic compressibility in the single phase and two phase is less than the corresponding difference for the isothermal compressibility.
Introduction
Fluid compressibility and sonic velocity are used for a wide range of problems in the production and exploration of hydrocarbon reservoirs. These include well testing, metering, and seismic exploration. Various methods are available for the estimation of compressibility and sonic velocity in the single phase-both gas and liquid states. 1 For hydrocarbon mixtures in the two-phase state, the available methods are unreliable.
Compressibility is often defined on the basis of the thermodynamic path. For an isothermal process, the compressibility relates volume change to pressure change at constant temperature. In an isentropic path, the volume and pressure changes are given by isentropic compressibility. These two compressibilities in the single-phase state are related by
where c T is the isothermal compressibility and c S is the isentropic compressibility; c P and c V are the heat capacity at constant pressure and volume, respectively. Since c P уc V , then c T уc S . The difference between c T and c S depends on pressure, temperature, and composition, and may vary from 10 to 300% in the single phase for pure hydrocarbons. Available techniques are adequate for the reliable estimation of c T and c S for hydrocarbon mixtures in the single-phase state. For reservoir engineering applications, c T represents the fluid compressibility in the reservoir away from the wellbore. In the wellbore, due to expansion, the fluid may undergo heating or cooling and the process may become nonisothermal. If the heat loss can be neglected, the isentropic compressibility may better represent the pressure and volume changes. In many real applications, the compressibility is perhaps between the two limits. Fluid compressibility in the two-phase gas-liquid state can be very different from the single-phase gas and liquid states. While the gas-phase compressibility is higher than the liquid phase, the two-phase gas-liquid compressibility can be higher than the gasphase compressibility. The procedure for the calculation of the isothermal two-phase compressibility of hydrocarbon mixtures is presented in Ref. 3 . It is clear from the work of Ref. 3 that any averaging technique based on individual phase compressibilities is unacceptable, and may lead to an order of magnitude error. The results presented in Ref. 3 are based on the assumption that the interface between the gas and liquid phases is flat. In porous media, the interface is curved and, therefore, capillary pressure may affect the two-phase compressibility. One purpose of this work is to account for the effect of capillary pressure on two-phase compressibility.
Similar to the single phase, where two types of compressibility-isentropic and isothermal-are defined, in the two phase, one can also define isothermal and isentropic compressibilities. To our knowledge, there is no rigorous procedure in the literature for the estimation of two-phase isentropic compressibility of hydrocarbon mixtures. In the two phase for a constant entropy path, mass transfer between phases becomes important. A main objective of this work is to propose the methodology for the calculation of the two-phase isentropic compressibility using a cubic equation of state to describe all the physical parameters. Two-phase isentropic compressibility may be more appropriate than two-phase isothermal compressibility for well-testing applications in two-phase flowing conditions; around the welbore due to expansion, temperature may rise or may fall. 2 Closely related to compressibility is the sonic velocity, which is an important parameter in seismic and well-logging technologies. The sonic velocity and the compressibility are related by a ϭͱv/c S , where a is the sonic velocity, v is the fluid molar volume, and c S is the isentropic compressibility.
The sonic velocity of a single-phase liquid is higher than the sonic velocity in the single-phase gas. However, the sonic velocity can be much lower in the two-phase gas-liquid mixture than in either the gas or the liquid. A substantial difference exists between the sonic velocity of the air-water, and steam-water systems. Twophase water-air and water-steam data reveal that:
4 the presence of 1% by volume air in the form of gas bubbles reduces the sonic velocity from 1500 to 100 m/s, and the sonic velocity in the water-steam system can be as low as 10 m/s. Thermodynamic models have been developed to describe sonic velocity both for the steam-water 4,5 and air-water mixtures. 4, 6 These models accurately predict the sonic velocity in the two phase. It should be pointed out that the sonic velocity in a two-phase system depends on the fluid distributions. 5 In this work, we assume that the phases are homogeneously distributed. As an example, when, below the bubblepoint, the gas phase appears, it will be in the form of gas bubbles uniformly distributed in the liquid. Most of the experimental data on sonic velocity in the two phase are for the homogeneous two-phase flow systems. The homogeneous two-phase model is proper for porous media in the two-phase flow regime. While most models for water-air and water-steam assume a flat interface, Kieffer 4 takes into account the effect of capillary pressure. She, however, assumes that the interface curvature and the interfacial tension do not change as a result of pressure disturbance. Based on these two assumptions, the sonic velocity increases as the gas-bubble radius decreases. The work of Kieffer reveals a strong effect of capillary pressure on the sonic velocity of water-air mixtures when the bubble radius is less than 10 Ϫ5 cm. Since for water-air the interfacial tension, ϭ72 dyn/cm, the cor-responding P c ϭ210 psi ͑for bubble radius of 10 Ϫ5 cm͒ is very high for the porous media unless it is very tight. The published thermodynamic models are mostly intended for single-component fluids such as water-steam, and for two-component fluids such as water and air where the mass transfer between the phases is negligible. These models may not be suitable for hydrocarbon mixtures and petroleum fluids in the two phase. The mass transfer between the phases may be a key factor in the estimation of the sonic velocity.
In this work, we first present a thermodynamic model for the calculation of isentropic compressibility and sonic velocity in the two phase. The effect of interface curvature and the changes of interfacial tension in an isentropic path are taken into account. Then, the isothermal and isentropic compressibilities for a number of hydrocarbon mixtures and a crude are compared. Next, sonic velocity in the two phase and the single phase is presented for the same hydrocarbon systems. The paper ends with a number of conclusions on the two-phase compressibility and sonic velocity.
Problem Formulation
The isentropic compressibility of a single-phase fluid, c S , is defined as
where V is the volume, p the pressure, S the entropy, and n is the composition vector. The composition vector n is defined by n ϭ(n 1 ,n 2 ,n 3 ,...,n c ), where c is the total number of components and n i is the number of moles of component i. The expression for the two-phase gas-liquid compressibility is similar to Eq. 2,
In the above equation, V t is the total volume; i.e., the volume of the gas and liquid phases. Fig. 1 shows the schematics of the process for the estimation of c S by decreasing the pressure of phase 2 by a small amount. In this work, we define the two-phase compressibility using the liquid-phase pressure p 2 . For a flat interface, the gas-phase pressure p 1 is equal to the liquid-phase pressure p 2 . For a curved interface, the two pressures are related by the well-known Young-Laplace equation of capillarity,
where P c is the capillary pressure, and r, the radius of the curvature of the interface. Similar to the above, in the following, subscripts 1 and 2 denote the gas and liquid phases, respectively. The expression for V t is
where V 1 is the volume of the gas phase and V 2 is the volume of the liquid phase. The volume of phase j, V j , is given by
where n j,t is the total number of moles of phase j, and z j is the compressibility factor of phase j. From Eqs. 5 and 6,
The key term in the above is (‫ץ‬V t /‫ץ‬p 2 ) S,n ; the procedure for its estimation is provided in Appendix A.
Solution Procedure
When the interface between the gas and liquid phases is flat ͑that is, rϭϱ in Eq. 4͒, (‫ץ‬p 1 /‫ץ‬p 2 ) S,n ϭ1. In this case, there are (2c ϩ1) equations and (2cϩ1) unknowns; Eqs. A-6, A-9, and A-18 provide the unknowns. For a curved interface, the number of unknowns and the equations increase to 2(cϩ1). The additional relationship is provided by Eq. A-13. In this work, we use an iterative procedure to calculate the effect of capillary pressure variation on the isentropic compressibility and the sonic velocity. We first assume the interface is flat, and compute the phase volume and compositions, then use Eq. A-14 to estimate the interfacial tension. The amount and the composition of the phases are again calculated using
and the material balance. Note that in Eq. 9, is a function of composition and of phase pressures, and therefore, we may need to perform the flash iteratively. Using the calculated phase data, Eqs. A-6, A-11, and A-13 are used to calculate the unknowns and proceed to calculate (‫ץ‬z j /‫ץ‬p 2 ) S,n . Then all the parameters are available to calculate (‫ץ‬V t /‫ץ‬p 2 ) S,n , and c S . Once c S is estimated, the sonic velocity is calculated from aϭͱv t /c S . ͑10͒
In the two phase, we use the two-phase molar volume v t . In the single phase v t becomes the molar volume of the single phase v.
Results
The model presented above and in Appendix A was used to calculate the isentropic compressibility and the sonic velocity of a number of binary and ternary hydrocarbon mixtures, and a North Sea crude both in the single phase and in the two phase. The isothermal-compressibility model in the two phase has been previously verified with experimental data ͑see Ref. 3͒. In this work, the predicted sonic velocity in the single-phase gas and liquid states for nitrogen ͑gas͒, methane ͑gas͒, and n-hexane ͑liquid͒ was compared with the experimental data. The agreement is very good and is similar to those in Ref. 2 . We are not aware of isentropic compressibility and sonic velocity in the two-phase region for hydrocarbon mixtures to verify the model. Very limited data by Wang, Nur, and Batzle 7 on two live oils show that in the two phase, sonic velocity does not decrease. These authors do not provide either the composition or the manner in which the pressure was reduced below the bubblepoint. Therefore, their data cannot be used to verify the methodology.
We present in this paper the estimation of c S and ''a'' in the two phase. Such estimates for hydrocarbon fluids which have unique features may be useful. The unique features include volume change on mixing and retrograde behavior that can affect compressibility and sonic velocity drastically. In the following, the results for various systems are presented. C 1 ÕC 3 . Two different mixtures for the C 1 /C 3 are selected; one mixture with a C 1 content of 30% ͑mole͒, and another mixture with a C 1 content of 20%. Fig. 2 shows the isothermal and isentropic compressibilities and the sonic velocity for the C 1 /C 3 mixture ͑30% C 1 and 70% C 3 ͒ at 130°F both in the single phase and two phase. In Fig. 2a , the isothermal compressibility c T and the isentropic compressibility c S are presented. The two-phase compressibilities are based on the assumption of a flat interface between the gas and liquid phases. Fig. 2a reveals that in the single-phase liquid, the isothermal compressibility is a factor of 2 to 4 more than the isentropic compressibility. In the single-phase gas, the difference is less, but it is still substantial. Close to the bubblepoint, the two-phase compressibilities are close, but as the amount of the gas phase increases, the difference between c T and c S increases. At the dew-
where ␣ and ␤ are constants of the capillary pressure model. One could use other models for capillary pressure. Capillary pressure affects the phase behavior. This effect is generally small for porous media. Due to capillarity, the saturation pressure of hydrocarbon mixtures may increase or decrease, whereas for singlecomponent fluids the saturation pressure decreases as the capillary pressure increases. 2 ͑In this work, we are concerned only with the positive P c where gas is the nonwetting phase and liquid is the wetting phase.͒ For the system of Fig. 2b the capillary pressure at the bubblepoint is 4 psi and it is 50.9 psi at the dewpoint. The bubblepoint pressures of the flat and curved interfaces are 977.2 and 966.4 psi, respectively ͑see Table 1͒ . The dewpoint pressures of the flat and curved interfaces are 453.4 and 389.3 psi, respectively. The parachors used in the calculation of the interfacial tension are taken from Ref. 8 for C 1 , C 3 , and C 4 and from Ref. 9 for the plus fraction of the crude ͑to be discussed later͒. We make no attempt to adjust either the parachors or the exponent of the interfacial tension expression to match the predicted interfacial tension with data in the literature. The results presented in Fig. 2b show that the capillary pressure does not alter the shape of isothermal compressibility. In this and subsequent examples, the parameters assigned to the capillary pressure model may provide higher P c than that encountered in porous media. This is done intentionally to examine the effect of capillarity for extreme cases. Fig. 2c depicts the isentropic compressibility for the flat interface and the curved interface. Fig. 2c reveals that there is a significant effect of capillarity on the isentropic compressibility. The capillary pressure reduces the changes in the isentropic compressibility around the dewpoint. As stated above, the assigned capillary pressure may be higher than that encountered normally in porous media. Fig. 2d plots the sonic velocity; in the single-phase liquid, the sonic velocity decreases as the pressure decreases. In the singlephase gas, the sonic velocity increases as the pressure decreases. The predicted results are in line with experimental data for pure component fluids. There is a sharp decrease in the sonic velocity at the bubblepoint; the sonic velocity decreases from 370 to 100 m/s. At the dewpoint, the sonic velocity increases from 190 to 240 m/s. The capillary pressure dampens the change of the sonic velocity at the dewpoint. The compressibility and the sonic velocity for the second C 1 /C 3 system are plotted in Fig. 3 . For this system, the composition is 20% C 1 and 80% C 3 , and the temperature is 50°F. Fig. 3a reveals that the isentropic compressibility varies much less than the isothermal compressibility in the two-phase region. The effect of capillary pressure on c T is shown in Fig. 3b ; on the bubblepoint side the effect is small. However, on the dewpoint side, capillarity reduces the difference between the single-and two-phase compressibilities. Table 1 provides the saturation pressures and P c for this system. Note that on the dewpoint side, P c is larger than on the bubblepoint side due to the pressure effect. Fig. 3c shows the effect of P c on the c S ; there is no decrease in c S as the fluid enters the single-phase gas. Fig. 3d shows the sonic velocity for the C 1 /C 3 system; the trends are similar to Fig. 2d . C 1 ÕnC 10 . Two different mixtures of C 1 /nC 10 were studied; one has a bubblepoint at high pressures and the other has a retrograde dewpoint. Fig. 4 shows the compressibility and the sonic velocity for the mixture of 70% C 1 and 30% nC 10 at 160°F. Fig. 4a shows that in the two-phase region close to the bubblepoint, c T and c S are different by a factor of 3. Unlike the c T where there is a sharp increase, c S increases much less when the fluid enters the two phase. Figs. 4b and 4c show that the effect of capillarity on the two-phase compressibility is negligible in the pressure range of the plot. Note that similar to the C 1 /C 3 system, the bubblepoint pressure decreases due to capillary pressure ͑see also Table 1͒ . Fig. 4d depicts the sonic velocity which has a trend similar to the C 1 /C 3 system. Capillarity increases the sonic velocity for the system of Fig. 4 , but not appreciably. 5 shows the compressibility and sonic velocity for a mixture of 95% C 1 and 5% nC 10 . As was pointed out earlier, this system has a retrograde dewpoint of 5,146.7 psia. At the dewpoint, c T increases while c S decreases. This behavior is different from the bubblepoint systems which were presented in Figs. 2 through 4. As a result, we observe a significant difference between c T and c S -a factor of 20. Note that for this system, the change for c S at the dewpoint is more than for c T . The effect of capillary pressure on c T and c S is not very pronounced ͑results not shown͒ due to low P c ͑0.6 psi͒. It is interesting to note that the capillary pressure increases the dewpoint pressure ͑see Table 1͒ . The sonic velocity is plotted in Fig. 5b ; it increases in the two phase. This behavior is in contrast to the sonic velocity of water-air and watersteam mixtures. Fig. 5b also shows that the sonic velocity decreases initially due to the P c effect. Fig. 6a shows the c T and c S , and Fig. 6b shows the sonic velocity for the ternary mixture. The dewpoint pressure for this system is very low-around 6.3 psia-and c T and c S compressibilities are very high. Fig. 6a shows that the difference between c T and c S stays nearly constant in the pressure range shown. The sonic velocity has a trend similar to the previous nonretrograde systems. Fig. 7a shows that similar to some of the binary systems, c S does not change appreciably at the bubblepoint. Fig. 7a also shows that the difference between c T and c S is appreciable in the two-phase region. Figs. 5b and 5c reveal that the capillary pressure has a small effect on both c T and c S . The effect of capillary pressure on the bubblepoint is provided in Table 1 . Fig. 5d plots the sonic velocity both in the liquid and in the two phase. The effect of capillary pressure on sonic velocity is also plotted in Fig. 5d . The results show that capillary pressure does not change the sonic velocity appreciably, and there is not a significant drop in the sonic velocity as the crude enters the twophase region.
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Discussion and Conclusions
In the calculation of c T and c S we have assumed that the fluids are in thermodynamic equilibrium. This is a good assumption for reservoir fluids both in the reservoir and in the wellbore. In the reservoir, the flow is very slow, and the isothermal conditions are attained. In the wellbore due to flow, mixing helps to achieve equilibrium. On the other hand, the sonic velocity in the two phase may not allow the establishment of equilibrium. In this case, one may neglect the mass transfer between the phases as a result of pressure fluctuations. This greatly simplifies the calculation.
The main conclusions drawn from this work are as follows. A thermodynamic methodology has been established to calculate the isentropic compressibility in the two phase. From the isentropic compressibility, the thermodynamic sonic velocity in the two phase is readily estimated.
There is a significant difference between the isothermal and isentropic compressibilities in the two phase. The isothermal compressibility generally changes at the phase boundaries, while the change in isentropic compressibility may be less significant. In the retrograde region, both compressibilities in the two phase may be significantly different from that in the single phase.
The sonic velocity in the two phase may be either less than or more than the sonic velocity in the single phase. However, when the sonic velocity decreases at the phase boundary, the decrease is much less than in water-air and water-steam systems.
The capillary pressure generally decreases the sharp contrast of the single-phase and two-phase isentropic compressibility and sonic velocity.
In addition to the work on the two-phase compressibility and two-phase sonic velocity, in this paper we have set out the procedure to calculate the effect of capillary pressure on phase behavior of multicomponent mixtures of highly nonideal behavior. Important steps in the proposed procedure include: variations of surface tension as a function of gas-and liquid-phase composition changes due to curvature, and variations of gas-and liquid-phase compositions as interface curvature changes. The examples show that: the retrograde dewpoint pressure increases as the capillary pressure increases, and the normal bubblepoint pressure decreases with capillary pressure increase. These results are based on the assumption of a liquid-wet system in porous media.
Nomenclature
a ϭ sonic velocity a j ϭ defined in Eq. B-4 B j ϭ defined in Eq. B-3 c ϭ total number of components c S ϭ isentropic compressibility c T ϭ isothermal compressibility c P ϭ heat capacity at constant pressure c V ϭ heat capacity at constant volume j ϭ mass density of phase j ( jϭ1,2) f j,i ϭ fugacity of component i in phase j M j ϭ molecular weight of phase j ( jϭ1,2) n ϭ vector of overall mole numbers n j ϭ vector of mole numbers in phase j n j,l ϭ vector of mole numbers in phase j excluding component k; l k n t, j ϭ total number of moles of phase j p j ϭ pressure of phase j ( jϭ1,2) P ϭ parachor P c ϭ capillary pressure r ϭ radius of curvature R ϭ universal gas constant S ϭ entropy S L ϭ liquid saturation T ϭ temperature V ϭ volume v ϭ molar volume x j,i ϭ mole fraction of component i in phase j z ϭ compressibility factor ␣ ϭ constant of the capillary pressure model ͑see Eq. 11͒ ␤ ϭ constant of the capillary pressure model ͑see Eq. 11͒ ϭ interfacial tension ϭ density Subscripts 1 ϭ gas phase 2 ϭ liquid phase
where n j,l ϭ(n j,1 ,...,n j,l ,...,n j,c ) and l k. Dividing Eq. A-8 by ‫ץ‬p 2 , keeping S and n constant, and using the criterion of equilibrium, one obtains
͑A-9͒
In the above equation, the coefficients ‫ץ(‬ f j,i /‫ץ‬T) p j ,n j , ‫ץ(‬ f j,i /‫ץ‬p j ) T,n j , and ‫ץ(‬ f j,i /‫ץ‬n j,k ) T, p j ,n j,l can be obtained from an EOS. 
͑A-11͒
The coefficients (‫ץ‬S j /‫ץ‬T) p j ,n j , (‫ץ‬S j /‫ץ‬p j ) T,n j , and (‫ץ‬S j /‫ץ‬n j,k ) T,p j ,n j,l can be estimated from the expression of the phase entropy derived in Appendix B.
Capillary Pressure Effect. According to Eq. 4, if and r stay constant as p 2 changes, (‫ץ‬p 1 /‫ץ‬p 2 ) S,n ϭ1. However, with change in p 2 , the temperature and the composition of the phases may change. The curvature also may change. One may express the capillary pressure in porous media as
where S L represents the liquid saturation. Then, ͑ ‫ץ‬p 1 /‫ץ‬p 2 ͒ S,n ϭ1ϩF͑S L ͒͑ ‫‪p‬ץ/ץ‬ 2 ͒ S,n ϩ͑‫ץ‬F/‫ץ‬p 2 ͒ S,n .
͑A-13͒
Kieffer neglected the last two terms on the right side of Eq. A-13 in her work. 4 The interfacial tension between the gas and liquid phases in a mixture can be represented by the Weinaugh-Katz model, 
͑A-16͒
The second derivative term in Eq. A-13 is estimated from 
